SUMMARY A precise measurement of Cosmic Microwave Background (CMB) provides us rich information about the universe. In particular, its asymmetric polarization patterns, B-modes, are smoking gun signature of inflationary universe. Magnitude of the B-modes is order of 10 nK. Its measurement requires a high sensitive millimeter-wave telescope with a large number of superconducting detectors on its focal plane. Microwave Kinetic Inductance Detector (MKID) is appropriate detector for this purpose. MKID camera has been developed in cooperation of National Astronomical Observatory of Japan (NAOJ), Institute of Physical and Chemical Research (RIKEN), High Energy Accelerator Research Organization (KEK), and Okayama University. Our developments of MKID include: fabrication of high-quality superconducting film; optical components for a camera use; and readout electronics. For performance evaluation of total integrated system of our MKID camera, a calibration system was also developed. The system was incorporated in a 0.1 K dilution refrigerator with modulated polarization source. These developed technologies are applicable to other types of detectors.
The Big Bang cosmology was proved in 1965 by finding of the cosmic microwave background (CMB) [1] . CMB is a blackbody radiation with temperature of 2.7 K, which peak frequency is millimeter wave band of ∼160 GHz (λ ∼ 2 mm). It is originated at about 380,000 years after the Big Bang, the era of "recombination," when the universe was cooled down enough for photons to be decoupled from protons/electrons and propagate freely. The temperature of the freed photons at that time was ∼3000 K. They have been redshifted with expansion of the universe and observed as CMB today. CMB has been observed as almost uniform thermal radiations from all directions. However, it has very small temperature anisotropies of the order of 10 µK. These anisotropies are caused by acoustic oscillations on baryon(electron)-photon plasma media presented at the era of recombination. A wealth of information of the universe, such as composition of the universe, can be precisely determined by observing CMB anisotropies [2] , [3] .
Though CMB is originated at the era of recombination, its polarization patterns also contain information about the era of "inflation." The inflation is an accelerated expansion of space-time metric in the universe. It is considered to have occurred at the very beginning of the universe (even before the Big Bang!) [4] , [5] , with enormously large energy of 10 16 GeV. It is impossible to realize such energy scale on the earth, and the physics of inflation such as the exact energy scale or mechanism how the inflation occurred are still ambiguous. So many inflation models have been proposed so far (see e.g. [6] for a review). It is important to shed light on the true nature of inflationary universe. Measurement of CMB polarization is one of few probes which can provide us information about the inflation. The actual observables are anisotropy of CMB polarization, i.e., spatial correlations in its patterns. There are two modes: "E-modes" and "Bmodes" polarization. In particular, B-modes polarization at large angular scale (ℓ <∼ 100 * ) are dominantly generated by "primordial gravitational waves" which are gravitational waves emitted during the inflation era [7] [8] [9] [10] . Magnitude and power spectrum of the primordial gravitational waves highly depend on the physics of the inflation. Therefore we can extract the information of the inflation by measuring the B-modes polarization. However, magnitude of the B-modes is very tiny (order of 10 nK). There has been no observation until recently which claimed the detection of B-modes [11] .
Because of this situation, several future CMB observations have been proposed. Two particular missions from Japan, in which we are involved, are GroundBIRD [12] and LiteBIRD [13] , [14] . GroundBIRD is a ground-based telescope with diameter of ∼30 cm, and LiteBIRD is a small satellite mission with diameter of ∼60 cm. There are two features in these missions: scanning wide range of sky; and observing in multiple frequency bands. Both of them are important for studying the inflation. As described above, measurement of B-modes polarization at large angular scale is crucial, and it requires scanning wide range of sky by a telescope. GroundBIRD employs high-speed rotation scan with 20 rotation per minute (rpm). This high-speed scan method enables us to see 30% of sky (6 < ℓ < 300), which is about 10 times larger than typical values of other groundbased observations. LiteBIRD is dedicated to observe CMB polarization only at large angular scale (ℓ < 600) by full sky survey. The target launch date is in early 2020s. This quite ambitions schedule is possible because of its compact design.
Observation in multiple frequency bands is also necessary in order to separate contaminating foreground emissions (e.g. synchrotron radiation and dust emission) from CMB [15] . The observing frequency bands of GroundBIRD is 150 and 220 GHz. On the other hand, LiteBIRD will observe 5 or 6 frequency bands over the frequency range of 50-320 GHz.
In the aspect of detector part, both of GroundBIRD and LiteBIRD need highly sensitive millimeter-wave camera. The camera mainly consists of two parts: sensor array to detect photons; and optical components, such as lens and antenna, to couple incoming photons to the sensors. Each sensor of the camera must be sensitive enough to reach photon noise limit † , and optical components should have high coupling efficiency. It is also required to have 1000-10000 sensors to collect high statistics of photons. The candidate of such millimeter-wave camera is a superconducting detector such as Transition Edge Sensor (TES) [16] or Microwave Kinetic Inductance Detector (MKID) [17] , [18] . In this paper, we describe the status of MKID development for CMB observations in Japan.
MKID
MKID is a planar resonator line patterned on superconducting film. It is capacitively coupled to a signal line for readout ( Fig. 1 (a) ). The resonance frequency (or readout frequency) † Typical noise equivalent power (NEP) of photon noise are ∼10 −18 W/ √ Hz at ground and ∼10 −16 W/ √ Hz at space. Note that it depends on both observing frequency and loading power to a sensor. is usually designed in microwave region of 2-8 GHz where very low-noise high electron mobility transistor (HEMT) amplifier can be used for readout. There are typically two types of MKID: having length of λ/4, or λ/2 of readout microwave. The main difference is the current distribution in a resonator line. In case of λ/4 MKID, coupler to a signal line is open end, whereas it is shorted at the opposite side. Therefore the current density is maximum at the shorted end, and the sensitivity to incident photons is also maximum there (see Fig. 1(a) and (b) ). On the other hand, the current density and the sensitivity of λ/2 MKID are maximum at the center of a resonator line since both ends are open in this case. Because of the ease of fabrication, coplanar wave guide (CPW) transmission line is a commonly used technology to implement MKID on film. Figure 1 (a) and (c) shows how a MKID detects incoming photons. The readout scheme is very simple: measuring transmission power of microwave (S 21 ) through a signal line to obtain resonance frequencies ( f r ) and quality factors (Q) of MKIDs. When photons incident to a MKID break cooper-pairs in superconductor, the f r and Q of the MKID change as surface impedance (Z s ) of the film changes. The power of the incident photons can be measured by monitoring the changes of f r and Q. For practical measurement, the resonance feature of S 21 is a circular trajectory on a complex plane, and the changes of the f r and Q correspond to the changes in phase (δθ) and amplitude (δA) with respect to the center of the resonance circle, respectively (see Fig. 1(c) ). In the aspect of responsivity, phase readout is about 2 times larger than the amplitude readout [19] , however large excess noise is present in phase direction and it reduces the sensitivity of phase readout [20] .
Since MKID is a direct photon detector sensing cooperpair breaking, it can only detect photons with energy larger than the gap energy of superconductor (2∆), which is determined by the film material. For example, 2∆ of aluminium (Al) is about 0.36 meV and it corresponds to radiation of ∼90 GHz. Therefore, MKID made of Al can detect any frequency higher than 90 GHz, and is adequate for CMB observation.
One of the most remarkable characteristics of MKID is its scalability. MKIDs can be multiplexed in frequency space (frequency division multiplex: FDMUX) as f r of each MKID can be controlled by changing the length of resonator line. FDMUX enables us to readout 100-1000 MKIDs with a single signal line, and it leads us to realize a large-format (more than 10000-pixel) camera with MKIDs using only small number of signal lines. Furthermore, MKID does not require any bias lines. These features are advantages over other large-format superconducting cameras, such as TES, in the aspect of reducing thermal flow to the coldest stage of cryostat and keeping the temperature of the coldest stage as low as possible to keep high sensitivity of superconducting detector. Because of its simple structure of MKID, the fabrication process is rather simpler and one can easily earn high yield rate (more than 95%). This characteristics is also an advantage of MKID.
Taking into account these advantages, MKID camera for cosmological observations has been developed in cooperation of National Astronomical Observatory of Japan (NAOJ), Institute of Physical and Chemical research (RIKEN), High Energy Accelerator Research Organization (KEK), and Okayama University.
Development of MKID Camera
In order to develop highly sensitive MKID camera, several elemental technologies have been developed. These technologies include: fabrication of high-quality Al film with Molecular Beam Epitaxy (MBE) system; development of optical components for a camera use; and development of readout circuit. The details of each development stage are described in the following subsections.
Fabrication of High-quality Film with MBE System
MKID senses the number of quasi-particles (or electrons) generated when incident photons break cooper-pairs in a superconducting film. Therefore, the fundamental noise of MKID is limited by the fluctuation in the number of quasiparticles. This noise is so called generation-recombination (G-R) noise, and corresponding NEP is written as [21] :
where η is conversion efficiency of incident photon energy into quasi-particles [22] , N qp is number of quasi-particles, and τ qp is recombination time of quasi-particles. It can be noted that reducing N qp and extending τ qp leads to lower the NEP G−R and increase the sensitivity of MKID. Whereas N qp is predominantly determined by material of superconducting film, recombination time varies with the film quality such as defects or impurities in the film [23] , [24] . In order to reduce defects in film, we successfully fabricated epitaxially-formed Al film using MBE system [25] . The Al film was deposited on a high resistivity (> 15 kΩcm) Si (111) wafer in an ultra-high vacuum (UHV) chamber with pressure less than 2 × 10 −7 Pa. The purity of target Al was 5 Nine. During the deposition, the film-growth rate was about 0.2-0.8 Å/s. Before the deposition, Si wafer was immersed in HF solution for cleaning of the surface. It is also annealed at 650
• Celsius in UHV chamber to reconstruct crystal lattice structure. This step was to reduce tension of interval difference of the crystalline lattice between Si and Al. The epitaxy of the Al film was confirmed by in-situ reflective high-energy electron diffraction (RHEED) and X-ray diffraction (XRD) measurements. The Residualresistivity ratio (RRR) of fabricated Al film was about 18. This value is larger than the RRR of Al films fabricated in different ways, such as sputtering or electron beam deposition, showing the high-quality of the epitaxially-formed Al film. For instance, the RRR value of electron beam deposited Al film was measured to be about 10 at the highest [25] .
The performance of the MKID made of the highquality film was measured with cooling MKID down to 0.1 K by a dilution refrigerator. Figure 2 shows measured τ qp and electrical NEP as a function of temperature measured in dark environment [25] . τ qp was measured from the responses in phase of MKID against LED pulses. The electrical NEP of MKID using phase or amplitude readout is calculated by [26] :
where X represents readout variable of phase (θ) or amplitude (A), S X shows noise power spectral density of phase/amplitude readout, and τ res = Q/(π f r ) is resonator ring time. δX/δN qp denotes responsivity and is calculated as δX/δN qp = −2αQκ/V, where α is the fraction of kinetic inductance over total inductance, and V is the volume of resonator. κ = δσ i /(σ 2 δn qp ) (i = 1 for amplitude readout, 2 for phase readout) can be evaluated based on Mattis-Bardeen theory, with σ = σ 1 − iσ 2 representing complex conductivity of superconductor [19] . As a result, the maximum τ qp of about 450 µsec with quality factor, Q, of 2 × 10 6 was obtained, and very low electrical NEP of about 6 × 10 −18 W/ √ Hz was achieved in amplitude readout with the MKID made of the high-quality Al film. Though we have demonstrated very high sensitivity of MKID, it has been proved that lower NEP can be achieved with MKID [27] . The current sensitivity seems to be limited by stray lights [28] in our measurement system, and therefore, improvement of readout system is underway to achieve lower NEP. [29] is also shown as dot-line.
There are some remarks relating to Fig. 2 . Whereas theoretical calculation shows exponential increase of τ qp by lowering temperature as τ qp ∝ e ∆/k B T [29] (dashed line in Fig. 2 ), there is a saturation of τ qp below 230 mK (∼ T c /5 with T c representing critical temperature of superconductor). This characteristic is quite universal for MKID made of any material, and there are several models trying to explain it [20] , [24] , [30] . Although the saturation limits the sensitivity of MKID, it can reach the fundamental noise limit even with the saturation [21] , [31] . Therefore, the requirement for the operation temperature of MKID is slightly mitigated by virtue of the saturation, because lowering the operation temperature below T c /5 does not improve the MKID sensitivity.
Development of Optical Components for MKID Camera
A millimeter-wave camera mainly consists of two parts: sensor array to detect photons, and optical components (lens, antenna) to couple incoming photons to the sensors. In the previous section, we described about development of sensors. Here, we focused on the development of optical components of MKID camera. We adopted lens-antenna coupled system with λ/4 MKID as a sensor. Base designs of antenna and lenslet are single-polarization sensitive double-slot antenna and extended hemispherical lenslet, respectively (see Fig. 3(a) ). As the most sensitive part of a λ/4 MKID is the shorted end of a resonator, the feed point of a double-slot antenna is patterned there for effective absorption of incoming photons. Incident photons are focused onto the antenna feed point by the lenslets, which are put on MKIDs' wafer. The lenslets, made of Si, are directly machined by high-speed spindle at mechanical engineering (ME) shop of NAOJ [32] . If each lenslet is fabricated separately, it needs additional efforts to mount them on corresponding MKIDs one by one with careful alignment. To avoid such efforts, all lenslets are machined from single polycrystal Si bulk, consisting lens array. The geometrical parameters of the antenna and lens array were optimized with 3D elecrtomagnetic field simulator, HFSS, in the following two steps. Firstly, S 11 parameter of the antenna was calculated to adjust the antenna design for a target frequency and bandwidth. Then, the beam pattern of the lens-antenna system was calculated to tune the design parameters of lens array in terms of beam symmetry, side-lobe levels, and cross polarization. Anti-reflection (AR) coating for Si lens array was also an important topic for development. By mixing two kinds of epoxies, Stycast 1266 with n ∼ 1.68 and Stycast 2850FTJ with n ∼ 2.2, we made an AR coating material with desired refractive index (n = √ n S i ∼ 1.84) [33] . The material was applied on the Si lens array and then machined along the surface of lens array in the desired thickness by the forementioned high-speed spindle machine. Figure 4 shows 600-pixel MKIDs and Si lens array we have developed, in which lenses are allocated in closed-packed lattices. The target frequency of the camera is 220 GHz with bandwidth of 15%. The diameter of each lens is ∼1.64 mm, and the thickness of AR coating is about 185 µm for this band. About 95% transmittance was achieved with the AR coating [34] .
Beam measurement of the designed optical system with Al MKIDs was carried out with an 0.3 K 3 He sorption cooler to evaluate its performance [32] . Figure 3 ulation result. It shows good agreement between data and simulation down to −15 dB level. In order to check the performance of the MKID camera even for lower level of sidelobes, wider dynamic range is necessary. It can be achieved with lowering the MKID temperature, so that we designed wide field-of-view (FoV) cryogenic optical system which can be installed to our 0.1 K dilution refrigerator [35] . Note that this cryogenic optics were designed so that it can also be installed to existing radio telescopes, such as Nobeyama 45 m telescope, for astronomical observations.
Development of Readout Electronics
The simplest way to readout MKIDs is using Vector Network Analyzer (VNA) or homodyne detection with analog IQ down-converter which only reads single-tone (frequency) signal at a time, and covers wide frequency band by sweeping the tone frequency. However, this scheme is hardly scalable, and does not match to the requirement of fast mapping of sky † . This also does not fully take advantage of FDMUX capability of MKIDs as it cannot read out multiple frequencies simultaneously. Figure 5 shows the brief schematic of readout system to fully utilize FDMUX of MKIDs. It needs an electronics which can generate and readout multiple frequency tones simultaneously. There are two typical solutions for this: digital Fast Fourier Transformation Spectrometer (FFTS) [36] and channelized digital down conversion (DDC) technique † For example, scan speed of GroundBIRD is 20 rpm = 120
• /s. As FoV of GroundBIRD at 150 GHz is about 0.5
• , the rate to see one sight is 120/0.5 = 240 Hz. Because it needs to readout about 1000 MKIDs per one sight, the readout speed of 240 kHz is the minimum requirement if reading out MKIDs one by one. 5 Brief schematic of readout system to fully utilize FDMUX of MKIDs. Readout electronics output and readout multiple frequency tones simultaneously. In a practical readout system, several warm amplifiers, filters, isolators, and attenuators are placed, but not displayed here for clarity.
[37], [38] . Each has an advantage over the other. Digital FFTS can read out 1000s of frequency tones simultaneously whereas it is about 100s at the most for DDC technique. This is because DDC occupies more resources of Field Programmable Gate Array (FPGA) equipped to the electronics. On the other hand, DDC readout can tune each frequency of tones more freely than digital FFTS in which the interval of frequency tones are stepwise.
We developed an FFTS readout electronics with Analog to Digital Conveter (ADC) and Digital to Analog Converter (DAC) of 1 Gsps (sample per second) rate and 270 MHz bandwidth for MKID readout systems. It can simultaneously generate and readout up to 4096 frequency tones with ∼61 kHz spacing. The DAC generates a set of frequency tones between 61 kHz-270 MHz from wave form data pre-programmed to memory inside the equipped FPGA. At the readout side, signals are digitized by the ADC and processed at a complex FFT module implemented in the FPGA. The processed data in the FPGA are then stored to hard disk by direct memory access (DMA) with the maximum rate of 70 MB/s. Both information of amplitude and phase of S 21 can be obtained with this readout system by virtue of the implemented complex FFT. As the possible frequency spacing of MKID is about 1 MHz, 270 MKIDs can be ideally readout simultaneously with the developed FFTS readout. Note that we can also obtain the noise of whole measurement system except for MKID as a reference with this circuit by reading out blind frequency tones, which do not match to any resonance frequencies of MKIDs [39] . The number of possibly readout MKIDs is easily scalable by extending the bandwidth of DAC and ADC used in the system. Figure 6 shows results of noise measurement of a MKID with the developed FFTS readout circuit [40] . The measured MKID was λ/4 resonator made of Al on Si wafer fabricated with MBE system, and cooled down to 0.1 K by dilution refrigerator † † . The noise was measured in the dark environment. For a comparison, noise measurement was also carried out by combination of analog IQ downconverter and a digitizer (NI PXI-5922), which is also plot- † † These conditions are same as the experimental conditions described in Sec. 2.1. The noise power spectrum densities (PSDs) of a MKID measured with analog IQ scheme (black dot-line) and FFTS circuit (red filled points) at readout power of −100 dBm and temperature of 115 mK. Both noise PSDs of amplitude and phase readout are shown. The noise on phase readout is larger than amplitude readout due to so-called "Two Level System" (TLS) noise [20] . The noise floor of amplitude readout is limited by HEMT amplifier noise. The figure shows consistent noise level between analog IQ scheme and FFTS circuit. ted in Fig. 6 . It is noticed from the figure that the developed FFTS circuit does not add any additional noise to the MKID readout system as the noise measured using FFTS system is equivalent to the noise measured using the anaolg IQ readout scheme.
We also developed MKID readout system with DDC technique [41] with support from Open-It project of KEK. The readout electronics consists of an evaluation kit of FPGA (KC705, Xilinx Inc., USA), a digital signal processor (DSP) board (FMC150, 4DSP LLC TM , USA), and a signal generator (LMS-802, Vaunix Technology Co., USA). The FPGA and the signal generator are operated by a computer. The DSP board, which is connected to the FPGA, has a 2-ch DAC, 2-ch ADC and clock chip ( Table 1 ). The DAC generates up to 32 frequency tones simultaneously. The frequencies of them can be selected in multiples of 12.288 kHz between 3-82 MHz by the computer control. The tones are up-converted using the signal generator, and provided to MKIDs. The return signals are digitized by the ADC after down-converting. It is demodulated by each tone in FPGA. The processed data (12.288 ksps) was transferred to the computer using Ethernet connection by SiTCP [42] .
As a demonstration, we measured a MKID response using the DDC readout circuit. The MKID is cooled down to 0.25 K by a sorption cooler in the dark environment. Figure 7 shows results of the response.
Calibration of Optical Responsivity
For the precise CMB polarization observation experiment, the calibration of the detector in the realistic environment at Fig. 1 , respectively. Cross markers show averages in 0.7 sec at each frequency. Circle markers show the response with fixed feed frequency at the resonance peak for 100 sec. Each point is an average of 1000 samples. MKID should have responce for the variation of magnetic fields. Variation of the plots comes from the magnetic fields's modulation. a laboratory is crucial. To realize such environment, we have developed a calibration system with the modulated polarization source in a dilution cryostat whose minimum temperature reaches down to 100 mK. Figure 8 shows the schematic of the constructed calibration system named "Polarization Signal Simulator" [43] . It consists of a rotational metallic mirror at 115 K and the blackbody emitter at 4.5 K in the cryostat. The mirror emits a polarization signal, and is mounted so as to be inclined at 45
• to the line of sight to the detector (Fig. 9) . In this configuration, the mirror causes weak polarized light because of the difference of the emissivity of the p-polarized and s-polarized lights to the detector. The blackbody emitters are mounted on the inner side of the 4.5 K thermal shield. The emitter consists of 616 pyramid-shaped grooves so as to achieve the blackbody radiation (Fig. 10) . Each groove is fabricated by using an Al core on which the radio absorber, Eccosorb CR-1128, is casted. Eccosorb CR-1128 is an iron-loaded epoxy from Emerson & Cuming Microwave Products, Inc. Each groove has the square base of 64 mm 2 and height of 18 mm. PTFE and nylon 6/6 thermal filters are inserted between the mirror and the detector to reduce the blackbody component above ∼500 GHz [44] , [45] . The transmission efficiency of the filters were 0.8 in total at 220 GHz.
The generated polarization signal consists of the emission from the mirror surface at 115 K and the reflection of the blackbody emission from the pyramid-shaped grooves at 4.5 K. The magnitude of the p-polarization power expressed in temperature is calculated by where ν, ρ, β and ε 0 are the observed frequency, the resistivity of the rotation mirror, the inclination angle of the mirror and the vacuum permittivity, respectively, and T mirror and T bb are the temperatures of the rotation mirror and the blackbody grooves. Here, the net intensity of the polarization is proportional to T mirror − T bb because the net polarization of both components is perpendicular to each other. The calculated power in temperature as a function of frequency is shown in Fig. 11 for the SUS-316L and Al, respectively. We have performed the evaluation of the polarization sensitivity of an Al 3 × 3 MKIDs by using this simulator. The MKIDs were fabricated by using an Al film deposited by MBE system (see Sec. 2.1). The planar antennas coupled to MKIDs were optimized for 220 GHz with bandwidth of 15%. Si lens array was set on the back side of the MKIDs as described in Sec. 2.2. The observed quality factors (Q) ranged from Q = (1.9 − 8.2) × 10 4 , which were a few times lower than without the simulator due to higher loading power. The real-time signal readout was performed by using the DDC readout system described in Sec 2.3 by which both the amplitude and phase signals were observed for each MKID.
The noise equivalent temperature (NET ) is expressed by
where P is the input power in temperature at 220 GHz, S θ is the noise spectrum in phase, and A θ is the amplitude of the modulated intensity of the polarized phase signal along with the mirror rotation. This expression means that NET can be directly derived by the input power in temperature divided by the measured signal-to-noise ratio (A θ /S θ ). These derived NET values are independent of the detector parameters such as the quality factor, Q, and the recombination time, τ qp , as well as the optical setup at the 100 mK stage. In this evaluation, the power of 400 mK was derived from Fig. 11 at 220 GHz, and the transmittance of the thermal filter of 0.8 at 220 GHz was used. Then, P was estimated to be 320 mK. A θ was derived by using the modulation signal amplitude of the phase with the mirror rotation. The example of the actual observed signal was shown in Fig. 12 . In all nine signals, two component modulated with rotation were observed. One component (shown as "1f") has modulated at the rotation frequency, f, and another one (shown as "2f") at the twice of the rotation frequency. We have confirmed that the most of the modulation in the 2f signal was due to the polarization rotation because the modulation phase relative to the 1f signal has the π/2 difference for the antennas with the || and = polarization directions. The evaluated NET values are summarized in Table 2 . The values range in 190-750 µK √ s at the sampling frequency of 100 Hz [45] . These values are comparable to the values in the BICEP2 experiment (300 µK √ s) which is the best polarization sensitivity reported so far [11] . The obtained NET values can be translated into the optical NEP assuming the band width, dν, of the detectors by using the formula:
From this formula, optical NEP values are also estimated as shown in Table 2 which range from (1.1 − 4.4) × 10 −16 W/ √ Hz [45] . Since the optical loading in this experimental setup was ∼100 pW, the results showed that our MKID camera almost reached the photon noise level at that loading power [46] . These optical NEPs are sufficiently low for a ground-based CMB observation. However, it is still not enough for a satellite mission. The next step of our development is to improve the performance of MKID camera for use in a space-based CMB observation.
Conclusion
MKID is a highly sensitive superconducting detector, of which potential is currently well-recognized and the development is actively proceeded all over the world. MKID camera for cosmological observations has been developed in cooperation of NAOJ, RIKEN, KEK, and Okayama University. The developments include several elemental technologies: fabrication of high-quality film; optical components for a camera use; high-speed and wide-band readout circuit using frequency tones; and calibration system incorporated in a cooling system. These technologies are also common for general superconducting camera. We believe that our developments not only contribute to future cosmological observations, but also lead to the further progress in the development of superconducting detectors.
